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ABSTRACT: Sea level rise over the last deglaciation is dominated by the mass of freshwater added to the oceans by the

melting of the great ice sheets. While the steric effect of changing seawater density is secondary over the last 20 000 years,

processes connected to deglacial warming, the redistribution of salt, and the pressure load of meltwater all influence sea

level rise by more than a meter. Here we develop a diagnostic for steric effects that is valid when oceanic mass is changing.

This diagnostic accounts for seawater compression due to the added overlying pressure of glacial meltwater, which is here

defined to be a barosteric effect. Analysis of three-dimensional global seawater reconstructions of the last deglaciation

indicates that thermosteric height change (1.0–1.5m) is counteracted by barosteric (21.9m) and halosteric (from 20.4 to

0.0m) effects. The total deglacial steric effect from 20.7 to 21.1m has the opposite sign of analyses that assume that

thermosteric expansion is dominant. Despite the vertical oceanic structure not being well constrained during the Last

Glacial Maximum, net seawater contraction appears robust as it occurs in four reconstructions that were produced using

different paleoceanographic datasets. Calculations that do not account for changes in ocean pressure give the misleading

impression that steric effects enhanced deglacial sea level rise.
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1. Introduction

Sea level has risen from the Last Glacial Maximum (LGM,

about 20 000 years ago) to the modern day by 132 6 2m, but

the melting of known land and grounded ice during the Last

Glacial Maximum is not sufficient (118 6 9m) to explain the

observed sea level rise (at the 5.3% insignificance level, all

errors reported as 1s standard errors; Simms et al. 2019).

Determination of the amount of glacial land ice requires in-

vestigation of many different ice sheets and had been recently

revised (e.g., Carlson et al. 2018; Pico et al. 2018). Part of the

discrepancy can be explained by ocean warming, but there

are disparate estimates of the sensitivity of global sea level to

mean ocean temperature: 13 cm 8C21 in the twentieth century

(Bindoff et al. 2007), 17 cm 8C21 for the last interglacial

(McKay et al. 2011), or 20–60 cm 8C21 for the equilibrium re-

sponse (Meehl et al. 2007). For a deglacial mean ocean tem-

perature increase of roughly 2.68C (Bereiter et al. 2018b),

oceanic thermal expansion is expected to raise sea level by

anywhere from several tens of centimeters up to nearly 2m.

The range is wide in part due to the considered depth range

in the sensitivity calculations, where longer time scales and

deeper ocean adjustments should lead to larger values. A

further uncertainty arises from assuming that steric sea level

rise (i.e., those caused by seawater density variations) is

dominated by temperature change (e.g., Lowe and Gregory

2006; Griffies and Greatbatch 2012), because the physical

processes of the twentieth century may not be a good analog

for the last deglaciation. Although none of these factors are

likely to explain the entire deglacial sea level discrepancy, they

may narrow the difference.

Deglacial sea level rise is clearly dominated by the thickness

of added meltwater, but it is also worth reconsidering the

physical processes that occur under so much ocean freshening.

Global-mean sea level rise due to the addition of freshwater

has been idealized as having two steps: 1) a rise due to the

thickness of freshwater and 2) the mixing of meltwater into the

existing ocean (Munk 2003). The addition of meltwater in step

1 changes the mass of the ocean, leading to a barystatic effect

on global-mean sea level change (Gregory et al. 2013; Rye et al.

2014). Physical oceanographers have traditionally referred to

this as the eustatic effect, but such terminology conflicts with

the glaciological convention and is suppressed here. The ad-

ditional sea level change in step 2 due to mixing, seawater

density change, and mass redistribution is smaller, but could

still incur a 1-m change for a 1% effect. While the schematic of

Munk (2003) indicates a sea level rise in step 2, the nonlinearity

of the equation of state can also give rise to densification and

sea level fall due to cabbeling (e.g., Gille 2004; Griffies and

Greatbatch 2012). The addition of meltwater also causes an

increase in pressure and seawater density due to the slight

compressibility of seawater, which is here termed a barosteric

effect in analogy with thermosteric and halosteric effects. A

question is whether higher-order processes such as the baro-

steric effect that are safely ignored in the modern problemmay

become significant over the last deglaciation.

To explicitly account for effects that are neglected in the

modern problem, we develop new diagnostics for deglacial

steric sea level rise by adapting the modern steric-height defi-

nition for this longer time scale (section 2). In particular, the

deglacial sea level evolution depends upon details of the

thermodynamic equation of state, the hypsometry of the sea

floor (e.g., Becker et al. 2009), the changing area of the sea

surface, and seawater compressibility. All of these factors are

taken into account by comparing three-dimensional oceanic

temperature and salinity reconstructions of the Last Glacial

Maximum to their modern-day counterpart, where we extend

the work of Gebbie et al. (2019) to analyze the physicalCorresponding author: Geoffrey Gebbie, ggebbie@whoi.edu
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processes of sea level change (section 3). This detailed regional

analysis corroborates simple scaling laws for the global ocean

derived in section 2. Although the compressibility of seawater

may be safely neglected over the modern warming era, a baro-

steric effect from the increased pressure due to input of glacial

meltwater can compensate for most or all of the thermosteric

effect (section 4). The discrepancy in deglacial sea level rise

and ice loss estimates is more difficult to reconcile if the de-

glacial ocean contracted (section 5).

2. Steric sea level change when oceanic mass increases

Munk (2003) idealized late-twentieth-century sea level rise

as a series of two-step processes where mass is added to the

ocean and then seawater density is modified through boundary

fluxes, mixing, transport, and other processes. Here we apply

this idealization to the last deglaciation with knowledge of only

the deglacial end states (i.e., the Last Glacial Maximum, tg 5
24 2 18 kyr before present, and the modern day, tm 5 1990s).

The accuracy of the two-step approximation is addressed in

section 5. Here we identify steric sea level rise as occurring

during the second idealized step, and we seek its leading-order

contributors for the last deglaciation.

The deglacial end states are denoted g for the LGM and

m for the modern day (Fig. 1), and information is available

about glacial and modern hydrographic distributions and de-

glacial sea level rise, h(tm) 2 h(tg). Here we perform a scaling

analysis with the global ocean modeled as a water column

where sea level rise is equal to the change in ocean thickness,

Hm 2 Hg, although our detailed analysis will show later that

hypsometric effects cannot be ignored for the deglaciation

(e.g., Becker et al. 2009). In the first deglacial step, freshwater

of thickness hM is added to balance the deglacial mass bud-

get, which includes any mass input by glacial meltwater,

changes in atmospheric water vapor, groundwater, or lake

levels. Our scaling analysis assumes that salt is conserved due

to the long time scale of oceanic salt import and export (e.g.,

Martin and Whitfield 1983). After freshwater is added, the

ocean arrives at an intermediate deglacial state, denoted i,

that has the same mass as the modern ocean, but its sea level

will generally differ from the modern. Here we define this

difference as hr, the steric effect incurred by changing sea-

water density (i.e., hr 5 Hm 2 Hg 2 hM) that occurs during

the second deglacial step.

Deglacial sea level change is the sum of contributions from

the two idealized steps. We define the global-mean sea level

change in the first step, hM 5 Hi 2 Hg, as the barystatic effect

(Gregory et al. 2013) andM refers to oceanic mass. This effect

accounts for global-mean sea level rise when ocean mass is

increased by adding water, but excludes steric effects. All other

contributions to sea level rise occur in the second idealized step

and are here considered to be steric: hr 5 Hm 2 Hi.

Increased oceanic mass leads to increased pressure in the

water column and at the sea floor, which causes seawater to

become denser due to its slight compressibility. This densifi-

cation is a steric effect rather than a barystatic effect. To isolate

this barosteric effect, we define the intermediate state as hav-

ing glacial waters with an unchanged thickness as follows the

schematic of Munk (2003). Then the second step of the de-

glaciation accounts for exchange through boundary fluxes,

mixing, and transport in the transition to state m. Now the

barystatic effect occurs between states g and i, while the baro-

steric effect occurs between states i and m.

Analysis of the steric effect involves the comparison of

ocean states i and m that have the same mass. These ocean

states have the same pressure at the sea floor in accordance

with the weight of the overlying mass. Here we define Pg to be

the pressure on the glacial sea floor and DP to be the additional

pressure due to the added deglacial mass. The pressure on the

modern sea floor must be the sum of these two contributions

(i.e., Pm 5 Pg 1 DP). Therefore, ocean states i andm are most

easily compared in pressure coordinates over the same range of

values (Fig. 2). Glacial waters transition to the modern state by

changing their temperature and salinity, but also by being

subjected to a pressure increase of DP. Next we develop a

pressure-based diagnostic in order to decompose the temper-

ature, salinity, and pressure contributions to the steric effect

on sea level.

Under the simplifying assumption that seawater properties

are spatially uniform in the modern and glacial oceans, we

scale the contributions to the steric effect. The thickness of

the intermediate ocean is the sum of contributions from two

layers in Fig. 2,

H
i
’
1

g
ðy

F
DP1 y

g
P
g
) , (1)

FIG. 1. Schematic of deglacial sea level rise in the case of added

freshwater and conserved salt. The glacial state g is described by an

ocean thickness of Hg, sea level of h(tg), salinity of S(tg), and

temperature ofQ(tg). The intermediate state includes a freshwater

layer with salinity of SF and temperature of QF that has an in-

creased thickness of hM due to the added mass of freshwater. The

modern statem has a salinity of S(tm), temperature of Q(tm), a sea

level of h(tm), and a thickness that has changed by the steric effect

of changing seawater density hr.
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where g is gravity, and yF and yg are the specific volumes of

freshwater and the LGM ocean, respectively. The modern

thickness can be expressed similarly,

H
m
’
1

g
(y

m
DP1 y

m
P

g
) , (2)

where ym is the specific volume of the modern ocean, and we

used the relation, Pm 5 DP 1 Pg. The difference between (2)

and (1) is the steric effect,

h
r
’
1

g
[(y

m
2 y

F
)DP1 (y

m
2 y

g
)P

g
] , (3)

where the first and second terms on the right hand side are

related to density changes in an upper layer with a pressure

range DP and a lower layer with pressure range Pg, respec-

tively. The layer interface corresponds closely to LGM sea

level, and we refer to these layers as being above and below

LGM sea level for convenience.

The specific volume change below LGM sea level, ym2 yg, is

diagnosed assuming salinity and temperature values of Sg and

Qg for the LGM, and Sm and Qm for the modern. A linearized

equation of state approximates the specific volume changes as,

Dy 5 y0(aDQ2 bDS2 gDP), where y0 is the reference specific
volume, DQ, DS, and DP are the deglacial changes in temper-

ature, salinity, and pressure, respectively, and the three coef-

ficients, a, b, and g, represent the sensitivity of specific volume

to these three factors. The conservation of salt requires that

SgPg 5 SmPm, and therefore deglacial salinity decreases due to

dilution: DS 5 2SmDP/Pg. Below LGM sea level, the lower

layer expands due to warming and the replacement of salt by

freshwater, but contracts due to compressibility,

y
m
2 y

g
’ y

0

 
aDQ1

bS
m
DP

P
g

2 gDP

!
. (4)

The specific volume change above LGM sea level, ym 2 yF,

requires the comparison of the modern ocean and glacial

meltwater. This layer expands due to deglacial warming, but

contracts when freshwater is replaced by salt mixed upward

from the deep ocean,

y
m
2 y

F
’ y

0
(aQ

m
2bS

m
) , (5)

where it is assumed that glacial meltwater enters the ocean at

the freezing point. In other scenarios, the reference tempera-

ture for this added water may be nonzero, leading to a thermal

expansion of y0a(Qm 2 Qref) instead.

Substitution of Eqs. (4) and (5) into (3) yields the total steric

effect,

h
r
’

y
0

g
faP

g
DQ1aQ

m
DP2gP

g
DPg , (6)

where the halosteric terms marked by b vanish under as-

sumption of globally uniform properties (to be revisited later in

section 4c). Substituting the relations, Hg 5 y0Pg/g and DP 5
ghM/yF, shows that steric height changes are caused by tem-

perature changes or added mass,

h
r
’ faH

g
gDQ1 faQ

m
2 gP

g
gh

M
, (7)

wherewe accept errors at the 5% level by assuming that y0/yF’ 1.

Thermosteric height change hru is here defined as all contri-

butions in (7) that depend on the thermal expansion coefficient,a.

The first thermosteric contribution, aHgDQ, reflects warming in a

form that is familiar from modern studies. The second contribu-

tion, aQmhM, is not considered in modern studies, and represents

expansion by warming of glacial meltwater. For the deglaciation,

the ratio of the first to second thermosteric terms, (Hg/hM) 3
(DQ/Qm), is roughly 5, where we used DQ 5 38C (Bereiter et al.

2018b) and Qm 5 158C for the upper ocean. Thus, the new ther-

mosteric term may be a 20% modification to the total effect.

The term with isentropic compressibility, g, on the right-

hand size of (7) is due to compression by the excess pressure of

freshwater loading. This process has a small influence in the

twentieth century and is not mentioned or named in a recent

review paper (Gregory et al. 2019). This steric effect is driven

by pressure, not temperature, and is here called the barosteric

effect hrp in analogy with the thermosteric effect. The ratio of the

largest thermosteric term to the barosteric term is2aDQ/gDP, as
is most easily seen in Eq. (6). Although g appears exceedingly

small, the thermosteric-to-barosteric ratio is about 21 for the de-

glaciation [21024 8C21 3 38C/(43 1026 dbar21)/102 dbar’ 21].

The thermal expansion coefficient varies strongly with tem-

perature and salinity, and here we have chosen a value of

a that best represents global-mean effects (detailed later in

section 4a). The deglacial barosteric effect,2gPghM in Eq. (7),

approaches 22m [i.e., a sea level fall, 2(4 3 1026 dbar21) 3
(4 3 103 dbar) 3 102m ’ 21.6m]. It is not clear whether

FIG. 2. Pressure-based schematic of deglacial sea level rise due to

steric effects in the case that salt is conserved. Waters are catego-

rized as glacial (dark blue), freshwater (gray), and modern (light

blue). The depth coordinate is sea pressure from p 5 0 to p 5 Pm.

Glacial waters of state i have a pressure of p2DP in the schematic,

such that the range of pressures, from p 5 0 to p 5 Pm 2 DP, is
correct.
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thermosteric expansion or barosteric contraction of seawater

wins out over the last deglaciation.

When regional and depth variations in ocean properties are

taken into account, does the barosteric effect remain large

enough to compensate for deglacial thermosteric expansion?

An accurate regional analysis also needs to account for the

redistribution of salt and nonlinearities in the equation of state.

This motivates an analysis of deglacial steric height that ac-

counts for all of these factors with adequate spatial resolution.

Next we test whether our expectations for global-mean ther-

mosteric and barosteric effects hold true when globally inte-

grating over many water columns with disparate characteristics.

3. Water column analysis method

a. Deglacial scenarios

Deglacial changes in seawater density and freshwater con-

tent are inferred from global, three-dimensional temperature

and salinity reconstructions for the LGM. In particular, we use

four scenarios of LGM temperature and salinity derived by

combining ocean circulation models with paleoceanographic

observations: G12 (Gebbie 2012), G14 and G14A (Gebbie

2014), and GPLS2 (Gebbie et al. 2015). The scenarios are not

completely independent, as they used various combinations of

the data from the MARGO sea surface temperature (Kucera

et al. 2006; Waelbroeck et al. 2009), subsurface temperature

and salinity derived from pore waters (Adkins et al. 2002) and

Mg/Ca (Skinner and Shackleton 2005), and benthic forami-

niferal d18O, d13C, and Cd/Ca (Hesse et al. 2011; Peterson et al.

2014). Other recent three-dimensional reconstructions of gla-

cial temperature and salinity are available (e.g., Kurahashi-

Nakamura et al. 2017; Amrhein et al. 2018; Breitkreuz et al.

2019), but these products are not as useful here because they

estimate mean oceanic temperature changes of less than 1.58C
(Breitkreuz et al. 2019) that are far outside the constraints

given by noble gasses trapped in ice cores (Bereiter et al.

2018a). The four reconstructions used here are summarized

more completely by Gebbie et al. (2019).

All four reconstructions are gridded with 48 3 48 horizontal
resolution and 33 vertical levels, giving a total of 2806 water

columns. For all water columns, it is assumed that the glacial

sea level is 130m lower than modern day as is consistent with

recent observations of the global mean (Austermann et al.

2013; Lambeck et al. 2014; Nakada et al. 2016; Simms et al.

2019). The assumed uniform sea level rise does not account for

changes in ocean circulation (e.g., Stammer et al. 2013), changes

in the solid Earth (e.g., Mitrovica and Peltier 1991), or gravita-

tional attraction of the ice and ocean (e.g., Gomez et al. 2010).

The thermodynamic equation of state (IOC, SCOR, and

IAPSO 2010) is used to compute seawater density change

and the oceanic freshwater budget over the deglaciation.

The hydrostatic pressure equations are discretized to solve

for the pressure at the base of the 33 levels of the gridded

reconstructions, and the local gravitational constant is taken

as a function of latitude. Glacial scenarios are compared

against the modern-day climatology for the time of the World

Ocean Circulation Experiment (tm 5 1990–2002; Gouretski

and Koltermann 2004).

b. Accounting for salt redistribution

This work aims to corroborate the scaling analysis of

section 2 by performing a column-by-column steric height

analysis. Then the results are integrated over the global ocean

to determine the steric effect on global-mean sea level.

Individual water columns exchange salt with the surrounding

ocean or the sea floor during the flooding of the continental

shelves, and therefore it is not valid to assume that salt is

conserved on a column-by-column basis. Where the modern

ocean depth is greater than 130m, the sea level height dif-

ference, Dh 5 h(tm) 2 h(tg), is equivalent to the added

thickness of seawater over the deglaciation,Hm 2Hg, as long

as there is no vertical land movement. Where the modern

ocean is shallower than 130m, however, modern sea level is

defined but glacial sea level is not. Therefore, we proceed

to develop equations for the change in ocean thickness that

are applicable in both cases, and then they are related to sea

level rise.

The redistribution of both salt and freshwater is considered

by integrating the hydrostatic pressure equation for each water

column according to appendix A. Deglacial changes in seafloor

hydrostatic pressure are divided into contributions DPF and

DPS from freshwater and salt, respectively. These contribu-

tions are proportional to the thickness of added freshwater,

hMF 5 yFDPF/g, and salt, hMS 5 ySDPS/g, where the specific

volume of sea salt is yS 5 1/(2170 kgm23) (e.g., Tada and

Siever 1986). The deglacial thickness change has two contri-

butions (i.e., hM 5 hMF 1 hMS), as shown in the updated

schematic where deglacial salt is added (left panel, Fig. 3). The

steric height change can be inferred from the mass budgets,

where hr 5 Hm 2 Hg 2 hMF 2 hMS. The quantity Hm 2 Hg is

assumed known from absolute sea level constraints and the

seafloor bathymetry, and hMF and hMS are computed from the

oceanic mass budget.

The previous equations hold when salt is removed from a

water column despite DPS and hMS being negative. In partic-

ular, the steric height change hr is still determined by the dif-

ference between the Hm and Hi. It is difficult to schematically

illustrate a negative mass, however, so the mass budget is re-

arranged to obtain: Hg 1 hMF 5 Hm 2 hMS, where 2hMS is

now a positive value. Thus, the combined thickness of the

glacial ocean and added freshwater is equal to that of the

modern ocean and removed salt (right panel, Fig. 3).

c. Steric effect when salt is not conserved

We update the pressure-based comparison of ocean states i

and m to account for salt import and export so that the steric

height change can be decomposed into physical contributions.

Diagnostics of the 3D ocean reconstructions proceed with

vertical integrals over the entire water column, as detailed in

appendix B. For illustrative purposes, we proceed here as if the

ocean properties are homogeneous over the various layers of

interest.

The thickness of ocean state i has contributions from three

layers,

H
i
5
1

g
fy

S
DP

S
1 y

F
DP

F
1 y

g
P

g
g , (8)
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where the terms in the curly brackets include the thickness of

added salt, the added freshwater, and the glacial water column,

respectively. Vertical integrals are approximated by assuming

homogeneous ocean properties in each layer. Modern oceanic

thickness can also be decomposed into three terms:

H
m
5
1

g
fy

m
DP

S
1 y

m
DP

F
1 y

m
P

g
g , (9)

and the steric height change is the difference of (9) and (8),

h
r
5

1

g
[(y

m
2 y

S
)DP

S
1 (y

m
2 y

F
)DP

F
1 (y

m
2 y

g
)P

g
] , (10)

in analogy with Eq. (3). When salt is added and DPS . 0, then

the steric height change is interpreted as the sum of contribu-

tions from three layers defined by their pressure ranges (left

panel, Fig. 4).

When salt is removed, it is not straightforward to interpret

the first term in curly brackets of Eq. (10) because DPS

involves a negative pressure interval. Substituting the relation

DPF 5 DP 2 DPS and rearranging (10), we obtain,

h
r
5

1

g
f(y

S
2 y

F
)(2DP

S
)1 (y

m
2 y

F
)DP1 (y

m
2 y

g
)P

g
g , (11)

where (2DPS) is a positive value and we can again relate

these terms to contributions from three pressure layers.

This transformation permits the specific volume of ocean

states i and m to be compared consistently with a vertical

pressure coordinate (right panel, Fig. 4).

d. Decomposition of steric contributions

Salinity increases when salt is added and decreases when

freshwater is added,

DS5
12S

m

P
g

DP
S
2
S
m

P
g

DP
F
, (12)

where we use DPS 5 PmSm 2 PgSg and DP 5 DPS 1 DPF. We

substitute a linearized equation of state and Eq. (12) into

Eq. (10) to find,

h
r
’ faH

g
gDQ1 faQ

m
2gP

g
gh

MF
1

�
y
0
2 y

S

y
S

2
by

0

y
S

�
h
MS

,

(13)

where terms on the order of 1023hMF are neglected. Thus,

Eq. (7) is modified to include a new term involving hMS

that is dominated by the redistribution of salt among water

columns.

The addition of salt to a water column causes the competi-

tion of multiple processes of physical chemistry (e.g., Pilson

1998). The ratio, (y0 2 yS)/yS ’ 1.1, is related to expansion

by the phase change of salt from solid to dissolved forms.

FIG. 4. Pressure-coordinate schematic for diagnosing steric height

change when (a) salt is added and (b) salt is removed.

FIG. 3. Schematic of deglacial thickness change in the case of (left) added freshwater and salt and (right) added

freshwater and removed salt.

DECEMBER 2020 GEBB I E 3627

Brought to you by MBL/WHOI Library | Unauthenticated | Downloaded 04/15/21 06:32 PM UTC



This expansion is always accompanied by a contraction due

to salt ions being accommodated in themolecular structure of

water, however, and contraction wins out (2by0/yS ’ 21.5).

Both the expansion and contraction could be considered hal-

osteric in nature, but here we keep the expansion separate and

label it the phase-change effect hrf, as it is not directly related

to b in the linearized equation of state. The contraction term is

here defined as the halosteric height change hrs. When salt is

added to a column, the sum of hMS, hrf, and hrs indicates a sea

level rise of about 60% of the thickness of added salt, as can be

confirmed in a simple kitchen experiment.

The thermosteric and barosteric terms from Eq. (7) remain

in (13), but hM is modified to hMF. Local hMS values are as

large as62m due to internal salt redistribution (appendix A),

giving rise to halosteric height change hrs that is 50% larger in

magnitude and a phase-change effect hrf that is about 10%

larger. Therefore these steric contributions related to salt are

locally comparable in size to the thermosteric and barosteric

effects.

The local steric height change is the sum of thermosteric, baro-

steric, halosteric, and phase-change effects: hr 5 hru 1 hrp 1
hrs1 hrf. Deglacial steric height change is well described by these

four contributions in the three-dimensional analysis of LGMand

modern ocean properties (appendix B). The difference between

hr calculated by the mass budget versus the seawater density

change has a mean and standard deviation of 23 and 2mm,

respectively. Thus, no nonlinear terms appear to be necessary at

this high level of accuracy. The steric effect on global-mean

deglacial sea level rise is given by an area-weighted average,

h
r
5

�
Nx

i51
�
Ny

j51

h
r
(i, j)A(i, j)

�
Nx

i51
�
Ny

j51

A(i, j)

, (14)

where Nx 5 90 and Ny 5 45 in the reconstructions used in

this work, A(i, j) is the area of a surface grid face, and

Am 5�Nx

i51�
Ny

j51A(i, j) is the modern-day oceanic surface area.

Through this final step, the detailed water-column diagnostics

can be directly compared to the global-mean scaling in

section 2.

4. Spatial estimates of deglacial steric effects

The deglacial steric height change for 2806 water columns is

diagnosed through the mass budget and confirmed through the

analysis of seawater density change. Both calculations indicate

that most locations have negative hr values reflecting a contrac-

tion of seawater over the last deglaciation (Fig. 5). Contraction

is largest in the polar regions, with more than 2.0m of steric

height fall in the Arctic and 1.5m in the Southern Ocean. The

global-mean steric height change is inferred by taking the area-

weighted global average of hr, and we find a steric height change

between20.7 and21.1m in the four scenarios (Table 1), despite

their lack of consensus regarding water-mass characteristics and

hydrographic structure (Gebbie et al. 2019).

The negative hr value requires the schematics of Figs. 1 and

3 to be revised. The addition of a meltwater lid makes the

FIG. 5. Deglacial steric height change hr due to all seawater density variations in scenario G12.
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intermediate-state ocean stand higher, not lower, than the

modern day. Of course, the intermediate state should not be

interpreted as a high sea level stand during the deglaciation,

but instead that steric height change compensated for 0.7–1.1m of

the deglacial sea level rise. Equivalently, the thickness of deglacial

meltwater is greater than the assumed sea level rise of 130m

in most places. Therefore, the discrepancy between estimates

of absolute sea level rise and the melting of land ice cannot

be explained by the expansion of seawater; rather the ocean is

undergoing a net contraction during the deglaciation that requires

additional meltwater, not less, to balance the sea level budget.

a. Thermosteric effect

The four LGM scenarios do not give a consistent picture

of where deglacial warming occurs, as there are cases with

polar-amplified warming (G14A), low-latitude warming (G12,

GPLS2), and uniform warming (G14). Despite the lack of

agreement, the thermosteric effect leads to expansion that is

enhanced in the subtropics and tropics in all cases. ScenarioG12,

for example, has an expansion of 1–3m in the low latitudes (top

panel, Fig. 6). Thermosteric height change is small in the polar

regions, not due to a lack of temperature change, but due to the

reduced (and sometimes negative) thermal expansion coeffi-

cient in cold water (e.g., Gille 2004). The spatial pattern of

thermal expansion is similar to those found inmodern warming

scenarios (e.g., Lowe and Gregory 2006; Piecuch and Ponte

2011), although the modern ocean has smaller expansion

rates due to limited deep-ocean participation.

The global-mean thermosteric height change is 1.5m in

scenario G12 as found by taking the area-weighted average of

hru. The other scenarios give lower values of 1.0–1.3m that can

be explained by their corresponding mean ocean temperature

change. In fact, mean ocean temperature change DQ predicts

the thermal expansion with a standard error of less than 5mm

when using linear relationship: hru 5 (46 cm 8C21)DQ1 9 cm

(Fig. 7). The slope is about 3 times larger than modern esti-

mates (Bindoff et al. 2007; McKay et al. 2011).

The slope of the linear regression is explained by compari-

son of homogeneous LGM and modern water columns as in

section 2. The area-weighted mean of the a terms in Eq. (13)

yields the thermosteric sea level change,

h
ru
5 faH

g
gDQ1 faQ

m
gh

MF
, (15)

where the two terms represent thermal expansion below and

above LGM sea level, respectively. The sensitivity of sea level

rise to mean temperature change is then,

h
ru

DQ
5aH

g
, (16)

which gives a value of 40 cm 8C21 that is close to the regressed

value [i.e., 1024 8C21 3 (4 3 103m)]. The small values of sea

level sensitivity inferred in modern studies are due to the sur-

face intensification of warming caused by the lack of time for a

complete deep ocean response. This interpretation is consis-

tent with decreasing the depth range Hg in Eq. (16).

Both the sensitivity of sea level to warming and the spatial

pattern of the top panel of Fig. 6 are largely controlled by

thermal expansion below LGM sea level [i.e., first term of

Eq. (15)]. The second term, reflecting the expansion caused by

the heat required to bring glacial meltwater up to modern

temperature, is smaller by roughly an order of magnitude [i.e.,

hMFQm/HgDQm ’ 102 m 3 158C/(43 103 m)/38C’ 1021]. The

thermal expansion of glacial meltwater explains the small but

nonzero y intercept of 9 cm in the regression above [aQmhMF ’
(43 1025 8C21)3 158C3 (1:33 102 m)’ 83 1022 m], where

we have been careful to linearize the equation of state about the

average of freshwater and modern seawater which yields a de-

creased thermal expansion coefficient.Despite the enormous heat

storage in the upper 130m of the ocean, the reduced thermal

expansion coefficient in freshwater limits the impact on sea level.

Our scenarios were not constrained with the deglacial mean

ocean temperature change of 2.578 6 0.248C inferred from

noble gasses in an Antarctic ice core (Bereiter et al. 2018b).

Using our regression equation with its uncertainties, the noble-

gas mean ocean temperature change suggests a thermosteric

height change of 1.276 0.09m in the center of the range of our

four scenarios. As deglacial thermosteric height change is

certainly positive, another compensating effect must exist to

make the total steric height change negative.

b. Barosteric effect

The biggest opposing factor to thermal expansion is com-

pression due to the pressure load of meltwater. This con-

traction is generally larger than the thermal expansion, with

a barosteric height change of 22.5m in regions where the

ocean is deeper than 4 km (lower panel, Fig. 6). The barosteric

height change in Eq. (13) is

h
rp
52fgP

g
gh

MF
, (17)

where contraction is proportional to the water column depth

through Pg. Smaller amounts of contraction are seen along mid-

ocean ridges and continental shelves. Over 99.7% of the spatial

TABLE 1. Deglacial, global-mean sea level rise (m) due to oceanic mass change (or the barystatic effect), freshwater mass change, salt

mass change, steric effect, halosteric effect, thermosteric effect, barosteric effect, and phase-change effect (columns 2–9, respectively), as

calculated using four LGM reconstructions (listed in column 1): G12, G14, G14A, and GPLS2.

LGM scenario hM hMF hMS hr hrs hru hrp hrf

G12 124.99 124.87 0.12 20.66 20.33 1.49 21.93 0.12

G14 125.22 125.07 0.16 20.89 20.40 1.27 21.93 0.16

G14A 125.45 125.36 0.10 21.12 20.31 1.02 21.93 0.09

GPLS2 125.35 125.44 20.09 21.02 20.02 1.04 21.92 20.12
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FIG. 6. (top) Thermosteric height change hru and (bottom) baro-steric height change hrp from scenario G12.

3630 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 50

Brought to you by MBL/WHOI Library | Unauthenticated | Downloaded 04/15/21 06:32 PM UTC



variance in hrp is related to Pg. A water column that is subjected

to a pressure loading at the surface is denser at all depths, and

therefore deep water columns cause a greater sea level fall than

shallow water columns. Seawater compressibility is slight, but me-

ters of sea level fall occur when the freshwater input is over 100m.

The global-mean barosteric height change is consistently

hrp 521:9 m in all four scenarios. Thus, the scaling of section 2

correctly suggests that the barosteric effect is the same order of

magnitude as the thermosteric effect and it has the opposite sign,

as here corroborated in the case that regional variations are taken

into account. While barosteric effects appear to explain the de-

glacial steric-height decrease, an analysis for regional variations

must first account for halosteric terms that may be large due to

the redistribution of salt before making such a conclusion.

c. Halosteric effect

The interior (i.e., below LGM sea level) ocean is diluted by

meltwater, leading to freshening and seawater expansion, but the

effect is compensated by the contraction of the meltwater as it

becomes saltier. The compensation is not perfect on a column-by-

column basis, as the interior expands 2–7m (bottom right, Fig. 8)

and the meltwater lid (i.e., above LGM sea level) contracts

3–3.5m (top right, Fig. 8). The sum of these two effects is the

total halosteric effect hrs, which has a spatial distribution with

values as large as 63m (top left, Fig. 8). Antarctic Bottom

Waterwas especially salty during the LGMbut is relatively fresh

today (appendix C). This deglacial freshening incurred an ex-

pansion of the water column and positive hrs values in locations

such as the Weddell Sea. The sign of the effect is reversed in

North Atlantic DeepWater, where freshening was smaller than

the global average, and reflects an internal redistribution of salt.

Water columns from all four reconstructions are used to

evaluate the dependence of hrs on added freshwater and salt.

The relation, hrs52(1.33 1023)hMF2 1.54hMS, fits over 99%

of the variability in hrswith a standard error of 4 cm (gray dots,

Fig. 9). More than 99% of regional variability in hrs is due to a

redistribution of salt as evident in the hMS spatial pattern

(see Fig. A1). Previously, section 3d showed that the scaling,

hrs 5 2(y0b/yS)hMS, suggests a coefficient of 21.5 that closely

approximates the regressed value.

When the salt budget is balanced, previous analyses (e.g.,

Lowe and Gregory 2006; Gregory et al. 2019) and section 3d

suggested that the halosteric effect is nearly vanishing, but here

we find a nonzero regression coefficient for hMF. A halosteric

height change of about 220 cm is expected when 130m of

freshwater are added and salt is conserved [(21.3 3 1023) 3
(1.3 3 102m) 5 21.7 3 1021 m], which is consistent with the

nonzero y intercept in Fig. 9. This halosteric effect is about twice as

large as anticipated from the error analysis of Gregory et al. (2019).

To explain the nonvanishing halosteric effect, we must re-

tain higher-order terms that were neglected in Eq. (13). In

particular, those equations assumed a global value for b and y0,

and the next-order terms depend upon the linearized equation

of state. Average deglacial values above LGM sea level, blid

and ylid, and below LGM sea level, bint and yint, are not the

same (i.e., blid 5 7.83 1021 kg kg21, ylid 5 9.83 1024m3 kg21,

bint 5 7.5 3 1021 kg kg21, and yint 5 9.6 3 1024m3 kg21). We

take into account this subtlety of the equation of state and

amend the halosteric height change to be

h
rs
’2

�
(y

lid
b
lid
2 y

int
b
int
)S

m

y
F

�
h
MF

2

�
y
0
b

y
S

�
h
MS

, (18)

where the correlation of b and y with depth renders the pre-

viously assumed cancelation of the first term to be no longer

perfect (i.e., ylidblid 2 yintbint 5 4 31025m3 kg21). By this

scaling, the hMF coefficient in (18) is expected to be 21.4 3
10–3 [(243 1025m3kg21)3 (3.53 1022kgkg21)/(1023kg21m3)],

in close accordance with the numerical results. The depth de-

pendence of the equation of state produces a halosteric effect

that is systematically negative when freshwater is added and

salt is conserved.

The halosteric effect on global-mean sea level hrs is well ap-

proximated by Eq. (18) when global-mean values are substituted.

The halosteric height change is estimated to be 233, 240, 231,

and22 cm in scenariosG12,G14,G14A, andGPLS2, respectively

(colored squares, Fig. 9). Small deviations from global salt balance

exist in these scenarios, here estimated to be 0.2%, 0.3%, 0.2%,

and20.1% change, respectively. These values indicate a seawater

contraction that is proportional to the gain of salt. While the re-

constructions are not trusted to resolve these differences, it is

possible that the flooding of continental shelves and groundwater

processes could export or import these small amounts of salt.

Steric height change due to the phase change of salt, hrf, is

needed to maintain mass conservation when considering a

water column that has a changing salt inventory. Equation (13)

indicates that the phase-change effect is proportional to the

amount of added salt,

h
rf

5

�
y
0
2 y

S

y
S

�
h
MS

, (19)

FIG. 7. Global-mean thermosteric effect hru as a function of the

modern-minus-LGMdifference in global-mean temperature DQ in

four scenarios, G12, G14, G14A, and GPLS2 (open symbols). The

regression fit is given by the solid line.

DECEMBER 2020 GEBB I E 3631

Brought to you by MBL/WHOI Library | Unauthenticated | Downloaded 04/15/21 06:32 PM UTC



where hMS is dominated by internal oceanic redistribution. The

net increase in the salt budget is taken into account by the hrf
values, and its pattern is similar to hrs but with the opposite sign

(Fig. 8, top and bottom left panels). Knowledge of hMS permits

an excellent prediction of the phase-change effect, where the

regression coefficient is 1.11 for hMS . 0 and 1.17 for hMS , 0,

as is consistent with the assumption of y05 1/(1028 kgm23) for

salt addition and y0 5 1/(1000 kgm23) for salt removal. Both

regressions have a y intercept indistinguishable from zero.

The regional redistribution of salt has a smaller effect on

deglacial global-mean sea level rise than the thermosteric or

barosteric effects. The global-mean average of halosteric and

phase-change effects leads to a steric height decrease between

14 and 24 cm (Table 1). Thus, the detailed accounting of re-

gional salt redistribution reinforces the barosteric effect in

counteracting deglacial thermal expansion.

5. Discussion

a. Assessing the idealized description of the deglaciation

The barosteric effect on global-mean sea level could be

redefined to account for the fact that pressure variations are

transmitted more rapidly than the mixing of salinity and tem-

perature. Here we consider an idealized deglaciation where

freshwater is added and the accompanying pressure loading is

immediately felt throughout the water column. Following Eqs.

(4) and (5), the specific volume change by this pressure in-

crease of DP is,

Dy52y
0
gDP , (20)

where we assume that the ocean is homogeneous and salt is

conserved. The barosteric effect would then be defined as,

h
rp
52gP

m
h
M
. (21)

This equation has been translated into a form appropriate for

diagnosing the three-dimensional ocean reconstructions, and

we find that hrp 52194 cm for G12, as opposed to the value

of 2193 cm found previously. Thus, there is little sensitivity to

the order that the barosteric effect is calculated, with a mean

offset of 1.0 cm and a standard deviation of 0.5 cm among the

four scenarios. Temperature and salinity effects are similarly

unaffected by the order of operations, as diagnostics of hr are

nearly identical when calculated by the mass budget or by in-

tegrating steric effects. In future work, it should be checked

that steric height calculated from the endpoints of the degla-

ciation are consistent with those that temporally resolve the

deglacial evolution.

b. Relation to glaciological estimates of sea level rise

Glaciologists find it convenient to translate the volume of

melted land ice into an equivalent sea level rise. Sea level

FIG. 8. (a) Halosteric height change hrs and (c) height change due to the phase change of salt hrf. The halosteric

contribution is decomposed into two parts: (b) the integrated effect hlid
rs from the upper ocean where p , DP, and

(d) hint
rs from the interior oceanwhere p.DP. The range of values and basic spatial pattern are consistent among the

four reconstructions analyzed here.

3632 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 50

Brought to you by MBL/WHOI Library | Unauthenticated | Downloaded 04/15/21 06:32 PM UTC



rises by the sum of hMF, hrp, and hrs when freshwater is added

and no heating occurs. Following Eq. (13), we find a sea level

rise of

h
MF

1h
rp
1h

rs
’

�
12gP

g
2

(y
lid
b
lid
2 y

int
b
int
)S

m

y
F

�
h
MF

,

(22)

where terms involving hMS are eliminated and the vertical

correlation of b and y is included. To first order, the sea level

rises by the height of the added freshwater column as indi-

cated by the ‘‘1’’ factor in the curly brackets. Recall from

section 2 that the barosteric effect provides a coefficient

of 21.6 3 1022. The halosteric effect by the depth depen-

dence in the equation of state was shown in section 4c to

have a coefficient of 21.4 3 1023. The sum of all coefficients

is 0.983, or that the water rises by 98.3 cm for every 1m of

added freshwater. Thus, the steric effect is a sea level drop of

approximately 1.7 cmm21. The analysis of Gregory et al.

(2019) indicated that sea level would rise by greater than

99.9 cm for one meter of added freshwater, but their calcu-

lation only considered halosteric effects and not the larger

effect of seawater compression.

The mass of land ice loss is often translated into an equiva-

lent sea level rise by dividing by the oceanic area and a refer-

ence seawater density r0 that is typically taken to be about

1026 kgm23 (e.g., Lambeck and Chappell 2001; Maris et al.

2014; Patton et al. 2016). By this formula, the equivalent

sea level rise for one meter of added freshwater is 97.4 cm

(i.e., hMFrF/r0), or about 1% too low. This discrepancy may

partially explain the low bias in LGM ice estimates (Gebbie

et al. 2019). The surprising reference density value of about

r0 51017 kgm23 gives the sea level equivalent value that most

closelymatches the true sea level rise of 98.3 cm. Even though a

seawater density of 1017 kgm23 is uncommon, that numerical

value parameterizes the compressibility of seawater and is the

best choice for a reference density when converting between

ice mass and ocean volume.

6. Conclusions

Sea level rise since the Last Glacial Maximum has been

dominated by the mass input of meltwater from ice sheets,

with a smaller contribution by thermal expansion. As modern-

day studies state that global-mean steric sea level change is

purely thermosteric (e.g., Gregory et al. 2019), a seemingly

logical conclusion is that changes in seawater density acted to

raise sea level over the last deglaciation. Here we revisit the

steric effect by analyzing the oceanic temperature and salinity

changes in four scenarios of the last deglaciation. Our analysis

extends modern-day works to include the effect of changing

oceanic surface area and the compression of seawater by

meltwater pressure loading. Even though thermal expansion

raises sea level by 1.0–1.5m, the contraction of seawater by the

additional pressure of 130m of meltwater acts to depress sea

level by a greater amount:21.9m. Salinity-related effects that

are vanishingly small in the modern-day case also contribute

to a sea level fall of an additional 0.1–0.3m. Despite major

hydrographic differences between the four deglacial scenarios

considered here, net oceanic contraction over the deglaciation

is guaranteed for a reasonable range of the mean oceanic

temperature change.

As glaciologists have not found enough grounded ice at the

Last Glacial Maximum to explain 130m of sea level rise, it has

been hypothesized that seawater expansion could make up

some of the discrepancy. Thermal expansion does help rec-

oncile the discrepancy, but sea level rises by only 0.5m for each

degree of mean ocean temperature change over the deglacia-

tion. With a best estimate of temperature change of about

2.68C (Bereiter et al. 2018b), thermal expansion can explain

1.3m, which is small compared to the remaining difference of

more than 10m (Simms et al. 2019). An additional bias of

1–2m comes from the reference seawater density value used to

convert ice mass to equivalent sea level rise (Gebbie et al.

2019). The compression of seawater acts against our ability

to reconcile glaciological and oceanographic constraints,

however. Possible explanations for the remaining discrep-

ancy are that Antarctica was a dumping ground for more

glacial ice (Bassett et al. 2007), far-field estimates of sea

level rise are more uncertain than previously thought be-

cause of the dependence upon just a few locations (e.g.,

Yokoyama et al. 2001), or that a missing ice sheet existed

in a remote location such as eastern Siberia (e.g., Clark and

Tarasov 2014).

The impact of compression versus thermal expansion de-

pends upon the ratio of freshwater input to oceanic warming.

The ratio is at least 20 times higher for the deglaciation than for

the modern warming era. The ratio is set by the thermody-

namic energy that goes into melting ice versus ocean heat

uptake (e.g., Kuhlbrodt and Gregory 2012), and the ocean-to-

ice heat uptake ratio is estimated to be greater than 30-to-1 in

FIG. 9. Scatterplot of hrs and hMS. Cases are given for the global-

mean values from four scenarios (colored squares) and for the in-

dividual water columns from all four reconstructions (gray dots).

The regression line in the text is given by the black line.
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the modern era (e.g., Levitus et al. 2012). Over the deglacia-

tion, the ratio was closer to 1-to-1 (e.g., Galbraith et al. 2016),

presumably due to the geometry and response time of the ice

sheets (Levermann et al. 2013; Berger et al. 2017). Once the

climate system has sufficient time to respond to modern cli-

mate change, the ratio of ice melt to ocean warming in the

future may become more similar to deglacial values. At that

time, sea level processes that are usually neglected, such as the

pressure change due to meltwater loading, will become as

important as thermal expansion.
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APPENDIX A

Deglacial Mass Budget

Glacial and modern distributions of seawater temperature

and salinity permit the added deglacial mass of freshwater and

salt to be diagnosed through their effects on hydrostatic pres-

sure. The overlying mass of freshwater contributes to a

pressure

p
F
(t, z)5

ðh(t)
z

[12 S(t, z0)]r(t, z0)g dz0, (A1)

and the weight of salt contributes

p
S
(t, z)5

ðh(t)
z

S(t, z0)r(t, z0)g dz0, (A2)

where h is the sea surface height, t is the time, z is the ocean

depth, S is salinity in units of kilograms of salt per kilograms of

seawater, r is the seawater density, and g is gravity.

The freshwater and salt mass differences are proportional to

their respective contributions to bottompressure,DPF[ pF(tm,

zb)2 pF(tg, zb) andDPS[ pS(tm, zb)2 pS(tg, zb), where zb is the

depth of the sea floor. These pressure differences are attributed

to columns of freshwater and salt of thickness, hMF 5 DPFyF/g

and hMS 5 DPSyS/g, respectively.

Equations (A1) and (A2) are used to diagnose the added

deglacial freshwater and salt. The total added mass for every

water column is the sum of freshwater and salt contributions,

hM 5 hMF 1 hMS. The values of hM are similar to the pre-

scribed sea level rise of 130m in scenario G12 (top panel,

Fig. A1), suggesting that steric effects are small in relation.

The amount of addedmass on continental shelves is often less

than 126m because the modern ocean depth is less than

130m there.

Values of hM do not coincide with the sea level rise in each

column because the resulting sea surface height gradients are

not dynamically balanced by the ocean circulation. Such a sea

surface pattern would lead to a rapid mass redistribution until

reaching balance with the ocean circulation. Therefore, the

values of hM are only useful for balancing the mass budget, not

detecting regional sea level rise.

The effect of added mass on global-mean ocean thickness is

hM 5 125:0 m in scenario G12 and ranges up to 125.4m in the

other scenarios (Table 1). Despite open-ocean values greater

than 130m, the continental shelves strongly decrease themean,

hM. Much of the difference between hM and the 130m of sea

level rise is a hypsometric effect on sea level, where the LGM

oceanic area was about 6% less than the modern day (e.g.,

Becker et al. 2009) which leads to a greater sea level rise for a

given amount of added mass.

The spatial pattern of added mass is not identical to the

added freshwatermap due to the deglacial redistribution of salt

(top and middle panels, Fig. A1). Over 2m of salt are added or

removed from specific water columns (bottom panel, Fig. A1).

Pore water observations indicate that Antarctic BottomWater

and Intermediate Water were salty relative to North Atlantic

DeepWater, suggesting deglacial salt export (e.g., Adkins et al.

2002). For this reason, we see negative hMS values in the

Weddell Sea and positive values in the Arctic and North

Atlantic.

APPENDIX B

Steric Height Change in 3D Reconstructions

The thickness of ocean state i was approximated in Eq. (8)

and is here expanded into vertical integrals that are used to

diagnose the three-dimensional ocean reconstructions,

H
i
5

1

g

�ðDPS

0

y
S
dp1

ðDPF

0

y
F
dp1

ðPg

0

y dp

�
, (B1)

where the terms in the curly brackets include the thickness

of added salt, the added freshwater, and the glacial ocean,

respectively. The integral limits are shifted to increase

sequentially,

H
i
5

1

g

(ðDPS

0

y
S
dp1

ðDP
DPS

y
F
(p2DP

S
) dp1

ðPm

DP

y(t
g
,p2DP) dp

)
,

(B2)

using the relations, DP 5 DPF 1 DPS and Pg 5 Pm 2 DP.
The modern height in Eq. (9) can also be expanded into

three terms:

H
m
5
1

g

(ðjDPS j

0

y(t
m
,p)dp1

ðDP
jDPS j

y(t
m
,p)dp1

ðPb

DP

y(t
m
,p)dp

)
,

(B3)
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where we use the absolute value (i.e., jDPSj) to ensure that

pressures are positive.

The steric height change is the difference of (B2)

and (B3),

h
r
5
1

g

(ðDPS

0

[y(t
m
,p)2y

S
] dp1

ðDP
DPS

[y(t
m
,p)2y

F
(p2DP

S
)] dp

1

ðPm

DP

[y(t
m
,p)2 y(t

g
,p2DP)] dp

)
,

(B4)

which holds for the case of DPS $ 0. In the case that DPS , 0,

Eq. (B4) is rearranged to become

h
r
5

1

g

(ð0
DPS

[y
S
2 y(t

g
,p2DP

S
)] dp1

ðDP
0

[y(t
m
, p)

2 y
F
(p2DP

S
)] dp1

ðPm

DP

[y(t
m
,p)2 y(t

g
,p2DP)] dp

)
,

(B5)

where the integral limits are returned to sequential order.

If Dy is defined as

Dy5

8>>>>><
>>>>>:

y
S
2 y(t

g
,p) :DP

S
, p, 0

y(t
m
,p)2 y

S
: 0,p,DP

S

y(t
m
,p)2 y

F
( p2DP

S
) :max(0,DP

S
), p,DP

y(t
m
,p)2 y(t

g
,p2DP) :DP,p,P

m

(B6)

then the Eqs. (B4) and (B5) are simplified to

h
r
5
1

g

ðPm

P0

Dy dp , (B7)

where P0 5 min(0, DPS). Our decomposition of the steric

height change is not unique because the ordering of the

freshwater and salt layers could be reversed. Reversal of the

layers causes only slight numerical differences because the salt

layer imposes pressure shifts of 5 dbar or less.

Diagnostics for steric contributions

The specific volume change is decomposed into salinity

Dys, temperature Dyu, pressure Dyp, and phase-change Dyf
contributions,

Dy5Dy
s
1Dy

u
1Dy

p
1Dy

f
1Dy

«
, (B8)

where Dy« is the residual. The salinity effect on seawater

density Dys always refers to a difference, as opposed to the

specific volume of sea salt yS, which does not. For example,

the temperature effect on seawater specific volume is here

defined as

Dy
u
5 y[S*,Q(t

m
),p*]2 y(S*,Q

i
,p*), (B9)

where Qi is the temperature profile for the intermediate state,

and S* and p* are the salinity and pressure of a baseline state.

There are multiple ways to define the baseline state, and here

we choose to take the average of the diagnostic performed with

the glacial and modern states,

FIG. A1. (a) The combined thickness of freshwater and salt

hM needed to balance the deglacial mass budget on a column-

by-column basis. The mass balance is accomplished by adding

(b) freshwater of thickness hMF and (c) salt of thickness hMS.

Values on the continental shelves are often much less than 126m

and are off-scale.
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where Si and pi are the intermediate salinity and pressure

profiles defined for the pressure range, p . max(0, DPS).

Equations for the barosteric and halosteric effects are similarly

derived (Table B1).

Deglacial specific volume change is well described by temper-

ature, salinity, pressure, and phase-change contributions when

diagnosed according to Eq. (B10). The residual in Eq. (B8), Dy«,
has a mean and standard deviation of 27 3 1025 kg21m3 and

63 1025 kg21m3, respectively. The thickness change of a water

column is related to the specific volume change by

h
rs
5

ðPm

P0

Dy
s

g
dp, h

ru
5

ðPm

P0

Dy
u

g
dp, h

rp
5

ðPm

P0

Dy
p

g
dp,

h
rf

5

ðPm

P0

Dy
f

g
dp ,

(B11)

where the following relation, hr 5 hrs 1 hru 1 hrp 1 hrf, holds

with a standard error of 2mm.

APPENDIX C

Sample Water Column Calculations

The complete calculations for the temperature, salinity,

pressure, and phase-change effects on seawater density are

presented for a water column at 268W, 208S in the Brazil Basin.

The LGM-to-modern pressure difference at the sea floor is

DP 5 125.8 dbar. Here we compare the modern salinity for

pressures, p . 125.8 dbar, to the LGM salinity at pressure, p 2
DP (top-left panel, Fig. C1). As expected, the glacial ocean is

everywhere saltier than the modern, due to the freshwater

locked up in land ice. The vertical structure of salinity is different

during glacial times, as the middepth northern sourced water is

fresher than the southern-source waters above and below. The

abyssal South Atlantic started from saltier conditions, and there

is more freshening over the deglaciation at those depths (Adkins

et al. 2002). At the surface, glacial salinity approaches 40 g kg21,

and is indirectly informed by the surface d18O necessary to fit

benthic foraminiferal records.

The reconstructed LGM temperature is everywhere 28–58C
cooler than the modern, even with the suggested pressure

offset (top-right panel, Fig. C1). Below about 1200m depth, the

LGM temperature is homogeneous with temperatures below

08C. We infer that North Atlantic Deep Water is the deep

water mass that warmed most.

Equations (B6) and (B10) are used to diagnose LGM-to-

modern specific volume changes (also see Table B1). The

specific volume change is positive for p . DP (bottom-left

panel, Fig. C1), indicative of expansion due to warming

and freshening. The halosteric effect reflects greater expansion

at the sea floor and near p 5 DP. The expansion by freshen-

ing is compensated by the contraction of freshwater in the

upper ocean. Thermal expansion is also a function of depth,

where this expansion is reduced in the upper ocean due to

the properties of cold and freshwater (e.g., McDougall and

Feistel 2003).

The specific volume anomalies are integrated from the sea

floor to the surface to give the steric impact on sea level rise or

fall (lower-right panel, Fig. C1). More specifically, we integrate

the difference in the isobaric height between the intermediate

and modern oceans to determine the effect of ocean density

changes,

h
r
(p)5

ðPm

p

Dy(p0)
g

dp0 , (C1)

FIG. C1. (a) Profiles of Absolute Salinity at 258S, 208W, for the

modern [S(tm, p), red], the G12 LGM scenario with a pressure

offset [S(tg, p 2 DP), blue], and freshwater (SF 5 0 g kg21, cyan).

Note the expanded pressure axis for p , DP and the break in the

salinity scale to accommodate off-scale fresh waters. (b) As in (a),

but for Conservative Temperature Q. (c) Specific volume change

(Dy, blue) and its decomposition into salinity (DyS,
orange), temperature (DyT, yellow), and pressure (DyP, purple)
contributions. For p , DP, both x and y axes are expanded.

(d) Height change of isobaric surfaces due to steric effects (hr,

blue) and its decomposition into halosteric (hrs, orange), thermo-

steric (hru, yellow), and barosteric (hrp, purple) contributions. The

phase-change contribution is denoted at the sea surface (hrf, blue

circle).
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where hr(p) is the change in depth of the isobaric surface

at pressure p. By definition, the height change at atmo-

spheric pressure is equal to the change in thickness of the

water column, hr [ hr(0). Similarly we define quantities

for the thermosteric, barosteric, halosteric, and phase-change

effects.

The interior ocean expands by hr(DP) 5 4.6m, and the

meltwater lid contracts by 3.2m. There is a cumulative halo-

steric effect of hrs 5 hs(0) 5 1.6m because of a net export

of salt that exceeds the global dilution effect from melting

land ice. The cumulative thermosteric effect of hru 5 hu(0) 5
2.7m is completely compensated by the barosteric effect of

hrp 5 22.9m. The phase-change effect, hrf 5 21.4m, occurs

in the upper 2m and is captured by the total steric effect being

adjusted downward at the surface (blue dot, lower-right panel,

Fig. C1). The net effect is a near compensation of all contri-

butions leading to only a slight (,0.1m) expansion.
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